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LIVE AVIRULENT MICROBES AS VACCINES FOR ANTHRAX AND PLAGUE 



FIELD OF THE INVENTION 

[0001] The present invention relates to live attenuated bacterial vectors to deliver protective antigens for 
eliciting an immune response in a mammal against B. anthracis and/or Y. pestis. 

BACKGROUND OF THE INVENTION 

[0002] Anthrax is an infectious bacterial disease caused by Bacillis anthracis. It occurs most commonly 
in wild and domestic herbivores (sheep, goats, camels, antelope, cattle, etc.) but may also occur in 
humans. Infection can occur by cutaneous exposure, by ingestion (gastrointestinal anthrax), or by 
inhalation (pulmonary anthrax). 95% of anthrax infections in humans occur by cutaneous infection, either 
from contact with unvaccinated, infected animals in an agricultural setting, or by handling contaminated 
animal products (meat, leather, hides, hair, wool, etc.) in an industrial setting. 

[0003] Cutaneous anthrax is fatal in about 20% of cases if untreated, but it can usually be overcome with 
appropriate antimicrobial therapy. Inhalation or gastrointestinal anthrax infection is much more serious 
and much more difficult to treat. Inhalation anthrax results in repiratory shock and is fatal in 90%- 100% 
of cases; gastrointestinal anthrax results in severe fever, nausea and vomiting, resulting in death in 25%- 
75% of cases. 

[0004] An effective vaccine against anthrax was developed in the United States in the 1950s and 1960s, 
and a vaccine was approved by the FDA in 1 970. 

[0005] In recent years the threat of airborn transmission of anthrax has been thought to increase as B. 
anthracis was identified as a possible agent for biological warfare. (See, e.g., U.S. Congress, Office of 
Technology Assessment, Proliferation of Weapons of Mass Destruction: Assessing the Risks, OTA-ISC- 
559 (Washington, D.C.; U.S. Government Printing Office, August 1993); www.anthrax.osd.mil.) This 
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threat has now been realized in the past few years in the form of mailed anthrax spores, resulting in 
several deaths. Whereas historically only individuals at high risk, such as veterinarians, livestock 
handlers, wool shearers, abbatoire workers, etc., needed to consider being vaccinated, the threat to 
military personnel of the possibility of biological weapons deployment caused the United States military 
to adopt a sweeping anthrax vaccination program in 1997, under which it was intended to administer the 
anthrax vaccine to 2.4 million military personnel in all branches of service. (See, e.g., Secretary of 
Defense, Memorandum for Secretaries of the Military Departments et al., May 18, 1998, Implementation 
of the Anthrax Vaccination Program for the Total Force.) 

[0006] The only mass produced anthrax vaccine, Anthrax Vaccine Adsorbed (or AVA, commercial name 
BioThrax™), is a noninfectious sterile filtrate of an attenuated strain of A anthracis y adsorbed to 
aluminum hydroxide (alum) adjuvant, with < 0.02% formaldehyde and 0.0025% benzethonium chloride 
added. (Friedlander et al., JAMA, 282(22):2 104-21 06 (1999).) The course of vaccination consists of six 
subcutaneous injections of 0.5 mL doses of vaccine over eighteen months, with annual boosters to 
maintain immunity. This vaccination is believed to provide immunity that is 90%-100% effective against 
aerosol anthrax challenge, based on animal studies and incidental human data. (Friedlander et al., id.) 
[0007] While the AVA is effective, the vaccine strain employed (i.e., a non-proteolytic, non-capsulated 
mutant strain of B. anthracis, V770-NP1-R) has some disadvantageous characteristics: Despite its 
mutations, the strain retains a sporogenic and fully toxogenic phenotype, and use of the whole strain in 
vaccine production results in lot-to-lot variability in levels of Protective Antigen, as well as inclusion of 
PA degradation products and other bacterial products, which may include EF and LF. (Farchaus, J., et al., 
Applied & Environmental Microbiol , 64(3):982-991 (1998).) 

[0008] Plague is caused by the Gram-negative bacterium, Yersinia pestis, and is one of the oldest 
documented infectious diseases. Plague manifests in humans in bubonic or pneumonic form, depending 
on the route of transmission (flea bite or airborne, respectively) and the systems affected (cutaneous or 
pulmonary, respectively). Inhalation anthrax and pneumonic plague are the most serious forms of anthrax 
and plague disease and thus aerosolization would likely be the manner employed to administer the 
weaponized form of these agents. The lethal route of each pathogen initiates infection at the mucosal 
surface of the respiratory tract. 

[0009] Traditional vaccine approaches have focused on parenteral vaccination, which principally elicits 
the production of systemic antibody (immunoglobulin G, IgG) and not mucosal antibody (slgA). Pre- 
clinical immunogenicity and efficacy studies evaluating the current anthrax vaccine (Anthrax Vaccine 
Adsorbed, or AVA), suggest that the presence of protective antigen (PA)-specific IgG correlates with 
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protection. Additional studies have demonstrated that functional antibody, capable of neutralizing PA 
activity in vitro is also a reliable surrogate marker for protection. Pre-clinical immunogenicity and 
efficacy studies evaluating candidate plague vaccines (based on Yersinia pestis Fl capsule or V antigen) 
have demonstrated that serum IgG is a reliable correlate of protection against experimental plague 
challenge, although T-lymphocyte responses may also contribute to protective immunity. The FDA- 
approved anthrax vaccine requires a dosing regimen that requires six injections over eighteen months. 
The vaccine takes several months to induce protective immunity and is reported to elicit undesirable 
reactions in a large number of vaccinees. For their part, candidate plague vaccines share the requirement 
of a multi-dose injection regimen and do not provide reliable protection against the pneumonic form of 
the disease. 

[0010] During the Cold War, the United State and Soviet biological weapons programs developed 
techniques to aerosolize Y. pestis with the intent of facilitating the dissemination of the Plague bacterium. 
There is currently no commercially available vaccine against either cutaneous {[bubonic) or respiratory 
(pneumonic) forms of Plague. An injectable, formaldehyde-killed Y. pestis whole cell vaccine was 
available, until recently, to vaccinate military and laboratory personnel at risk, and provided partial 
protection against bubonic plague. The vaccine's capacity to protect against pneumonic Plague was 
questionable however, an important consideration for a vaccine intended to protect against an airborne 
threat. The ability of this vaccine to protect against Pneumonic plague was not surprising, given that most 
parenterally administered vaccines elicit the production of serum (immunoglobulin G) and not mucosal 
(secretory immunoglobulin A) antibodies. This directly and adversely affects the readiness of our armed 
forces and homeland defenders. 

[0011] In view of this background, there is a need for improved methods and vaccine compositions for 
immunization against anthrax and/or plague that are effective to raise an immune response against B. 
anthracis and/or Y. pestis but without generating unwanted side effects. These needs are addressed by the 
present invention, disclosed herein. 

SUMMARY OF THE INVENTION 

[0012] Efficacy studies evaluating anthrax and plague vaccines in animals have shown that antibodies 
specific for "Protective Antigen" or PA (anthrax) and Fl and V antigens (plague) are potential correlates 
with protection. This parameter was used to select potential attenuated AphoP/Q Salmonella typhimurium 
constructs expressing PA, Fl, V, Fl-V (fusion protein), or fragments of PA and V from Asd + balanced- 
lethal plasmids to maintain stable antigen-producing Salmonella vectors in the absence of antibiotic 
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selection. Various plasmid expression vectors were evaluated that either secreted the antigen, placed the 
antigen in the outer membrane, or expressed the antigen in the bacterial cell cytoplasm. 
[0013] Salmonella typhimurium M020 is being developed by AVANT as an oral, single-dose, Plague 
vaccine candidate. Strain M020 was attenuated through the partial deletion of the Salmonella phoP/Q 
virulence regulon. A deletion in the asd gene was subsequently introduced to support a balanced-lethal 
plasmid maintenance system. Salmonella typhimurium M020 harbors a multi-functional plasmid that 
encodes Asd and a genetic fusion of the Y. pestis Fl and V antigens ("Fl-V"). Strain M020 was 
genetically stable during laboratory growth and expressed moderate levels of Fl-V that remained 
localized in the bacterial cytoplasm. 

[0014] To evaluate immunogenicity, mice were orally inoculated with frozen inocula of 1 x 10 9 CFU on 
days 0 and 14. Retained inocula samples were evaluated by Western blot after feeding to demonstrate the 
desired antigen was still being expressed. Naive mice and mice inoculated with a live bacterial vector 
expressing no antigen were included as controls. Serum was collected at day zero prior to immunization 
from 10 mice and again at 2 and 4 weeks post-boost and evaluated for IgG antibodies against Salmonella 
vector and target antigen. 

[0015] Two strains were found to induce high levels of serum IgG specific to the expressed heterologous 
antigen. The strains were M020, which expresses soluble Fl-V in the bacterial cell cytoplasm and M023, 
which expresses soluble V at extremely high levels in the bacterial cell cytoplasm. End-point titers 
(reciprocal of highest dilution above 0.1 OD450 as measured by ELISA) for serum IgG specific to V 
antigen for M020 vaccinated mice ranged from 100-1600 at 2 weeks post-boost and 400-6400 at 4 weeks 
post-boost. End-point titers for M023 ranged from 1600-6400 at 2 weeks post-boost and 800-25600 at 4 
weeks post-boost. End-point titers for serum IgG specific to Fl-V for M020 ranged from 100-6400 at 2 
weeks post-boost and 400-6400 at 4 weeks post-boost. 

[0016] Improved results were observed in a recently developed rabbit immunogenicity model. New 
Zealand White rabbits given a single intra-gastric dose of S. typhimurium M020 (approximately 2 x 10 10 
cfu) showed significant antibody titers against Fl (800-3200), V antigen (6400-51,200), and Fl-V 
(12,800-51,200) on day 20 following immunization (results of an intra-gastric M020 boost are pending). 
Collectively, these results demonstrate that Fl-V expressed by an attenuated strain of & typhimurium was 
recognized by immunized mice and rabbits eliciting the production of high levels of antibodies. 
[0017] Currently six additional candidates are undergoing testing. Based on these early comparisons the 
most promising results were obtained from cytoplasmic localized Fl-V and V antigens. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Figure 1 is a chart listing the S. typhimurium strains constructed and tested as anthrax and plague 
vaccine candidates, showing the cell bank ID number, the strain and plasmid ID number, the particular 
antigen expressed, and the area in which it is localized (e.g., the cytoplasm, secreted, etc.), the plasmid 
replicon/ori, and the genotype of the particular strain. 

[0019| Figures 2a-c are photographs showing the antigen expression (on 12-15% SDS-PAGE gels) in 
primary inoculum of each evaluated strain. Depending upon the candidate, overnight cultures, mid-log 
cultures, TCA precipitants, periplasmic fractions, outer membrane fractions, or soluble and insoluble 
fraction of whole cell lysates were prepared. The following designations represent the particular sample 
preparation: "WCL" represents whole cell lysate preparations; "TCA" represents trichloroacetic acid 
precipitated protein fractions; "OMP" represents outer membrane protein fractions; "S" represents soluble 
protein fractions; and "I" represents insoluble protein fractions. 

[0020] Figures 3a-c are charts showing the mouse serum IgG response specific to S. typhimurium LPS 
antigen, indicating that the immune systems of the test mice had been exposed to the respective S. 
typhimurium vaccine candidates. The charts illustrate the particular S. typhimurium anthrax and/or plague 
vaccine candidates, the strain ID number, the particular attenuating mutation in the S. typhimurium^ the 
heterologous antigen expressing plasmid(s), and the Optical density (OD) measurement at 450nm (the 
wavelength at which anti-£ typhimurium LPS antibodies are absorbed). 

[00211 Figure 4 is a plasmid map of plasmid pMEG-1 621 , which expresses Fl -V fusion protein antigen 
localized in the cytoplasm when used to transform S. typhimurium. 

[0022] Figure 5 is a plasmid map of plasmid pMEG-1707, which expresses Fl antigen protein localized 
in the cytoplasm when used to transform S. typhimurium. 

[0023] Figure 6 is a plasmid map of plasmid pMEG-1692, which expresses the V antigen protein 
localized in the cytoplasm when used to transform S. typhimurium. 

[0024] Figure 7a is a plasmid map of plasmid pMEG-1967, which expresses the Fl and V antigen 
proteins localized in the cytoplasm when used to transform S. typhimurium. 

[0025] Figure 7b is a plasmid map of plasmid pMEG-1 968, which also expresses the Fl and V antigen 
proteins localized in the cytoplasm when used to transform S. typhimurium* but with the pUC replicon. 
[0026] Figure 8 is a chart showing the OD values and endpoint titers to an Fl-V fusion antigen induced 
by five attenuated S. typhimurium-vectored Y. pestis candidates. 

[0027] Figure 9 is a chart showing the OD values and endpoint titers to Fl induced by M022, M020, 
M048, and M049. 
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[0028] Figure 10 is a chart showing the OD values and endpoint titers to V antigen induced by M020, 
M023, M048, and M049 attenuated S. typhimurium-\ecXoreA Y. pestis candidates. 

[0029] Figure 1 1 is a chart showing the optimized plague study designed to evaluate the combination of 
vaccine candidates and the timing of vaccination. 

[0030] Figure 12 is a chart showing the serum IgG Fl and V endpoint titer data at 2 and 5 weeks post- 
boost. 

[0031] Figure 13 is a chart showing the serum IgG Fl-V and LPS endpoint titer data and OD values at 2 
and 4 weeks post-boost. 

[0032] Figure 14 is a chart showing the serum IgG Fl, V, and Fl-V rabbit titer data at day 20, 29, 43 and 
13 days post-boost. 

DETAILED DESCRIPTION 

[0033] The potential exposure of humans to bioterrorism agents, such as Bacillus anthracis and Yersinia 
pestis, has prompted the investigation of new vaccines to counteract these threats. Employing attenuated 
bacterial vectors to deliver protective antigens, such as the protective antigen (PA) of B. anthracis and/or 
the Fl, V, or Fl - V (fusion protein) antigens of Y. pestis, are presented herein. Delivery of heterologous 
antigens by attenuated bacteria, especially S. typhimurium, is disclosed, and the influence of antigen 
localization within the delivering cell is shown to effect vaccine efficacy. 

[0034] Attenuated AphoP/Q Salmonella typhimurium constructs expressing PA, Fl, V, Fl-V (fusion 
protein) or fragments of PA and V from Asd + balanced-lethal plasmids (to maintain stable antigen 
producing Salmonella vectors in the absence of antibiotic selection) are presented herein. Various 
plasmid expression vectors were evaluated that either secreted the antigen, placed the antigen in the outer 
membrane, or expressed the antigen in the bacterial cell cytoplasm. 

Strain Construction: 

Basic Strategy: 

[0035] Primers for PGR were designed for each target antigen or fragment with appropriate restriction 
enzyme sites designed within the flanking 5' and 3 'ends. 

[0036] PCR products (i.e., inserts) and plasmid vectors were digested with the appropriate restriction 
enzymes. 

[0037] PCR products and plasmid vectors were cleaned and ligated overnight at 1 7°C. 
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[0038] Ligated products were drop dialyzed and electroporated into MGN055, an E.coli host strain, for 
screening. 

[0039] Plasmids were screened by either PCR or restriction enzyme digestion for insert of interest. 
[0040] Plasmids confirmed to contain the proper insert were electroporated into MGN5670. 

Evaluation of Expression: 

Basic Strategy: 

[0041] Depending upon the candidate, overnight cultures, mid-log cultures, TCA precipitants, 
periplasmic fractions, outer membrane fractions,or soluble and insoluble fraction of whole cell lysates 
were prepared. 

[0042] A portion of each preparation was run on 1 2-1 5% SDS-PAGE gels. 
[0043] One gel was stained with Gel Code, a coomassie stain. 

[0044] One gel was blotted to nitrocellulose and a western blot analysis was performed with the 
appropriate antiserum to verify expression. 

Preparation of Inoculum from Frozen Cell Banks: 

[0045] A standing overnight culture was started by thawing 1 vial of the frozen cell bank at 37° C. 5jji1 
of the thawed cells was used to inoculate 10ml of LB (Luria-Bertani). Cultures were then incubated as 
standing cultures at 37° C overnight. In addition, 95mL of LB was placed in a 500-ml flask and pre- 
warmed at 37° C overnight. 

[0046] The following day, cultures were diluted 1 :20 by adding 5ml to 95-ml of pre-warmed LB. 
Cultures were incubated at 37° C in a shaking incubator and monitored until OD600 values reached 1 .0. 
[0047] The culture was centrifuged, and the pellet resuspended in 5ml peptone glycerol. This gave a titer 
of approximately 2 x 10 10 CFU/ml, or 1 x 10 9 CFU in a 50^1 dose. The inoculum was then distributed 
into 1ml aliquots in pre-labeled cryovials, titered, and stored at -70° C. After at least 24 hours in the 
freezer, one vial was removed and thawed at 37° C to check the titer after a freeze/thaw cycle. 
[0048] On the day mice were inoculated, one vial of inoculum was thawed at 37° C, lOOjil was removed 
for titering, and 50jal volume fed to 5-10 mice. Remaining inoculum was used to start overnight cultures, 
which were used to evaluate the expression of target antigen. 

Evaluation of Candidates in BALB/c mice: 

[0049] Female MSP BALB/c mice 6-8 weeks of age from Taconic were acclimated for 1 week. 
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[0050] 10 naive mice were heart bled for background serum titers. In some studies, all mice were pre- 
bled by tail vein puncture. 

[0051] On days 0 and 14 of the experiment, the inoculum was thawed, titered, and a 50 ml volume was 
given to each mouse by pipette feeding. 
[0052] Mice were monitored daily. 

[0053] At 2 and 4 weeks post-boost, heart blood was drawn from a set five mice from each group. 
[0054] Blood was allowed to clot and spun. 

[0055] Serum was collected and stored at -20° C until evaluated in ELISA assays. 

ELISA Assays: 
LPS: 

[0056] S. typhimurium LPS was prepared in 0.2% TCA and used to coat Immulon I-flat bottom 96-well 
plates. Incubate plates at 37° C for 2 hours. 

[0057] Serum was diluted 1:100 for initial readings or 1 to 2 dilutions for endpoint titers. 

[0058] Plates were washed with TBS/0.1% Tween 20 and diluted serum added to samples in duplicate, 

then incubated for 1 hour at 37° C. 

[0059] Plates were washed with TBS/0.1% Tween 20. Appropriate anti-mouse diluted detection 
antibody conjugated with Peroxidase or Alkaline Phosphatase was added and incubated at 37° C for 1 
hour. Plates were washed with TBS/0. l%Tween 20. 

[0060] Plates were developed with either BluePhos or TMP kits. The reaction was allowed to develop to 
known standard, and then stopped with either 2.5%EDTA tetrasodium salt or 1M phosphoric acid 
(H4PO4). 
Protein: 

[0061] Plates coated with 1-10 ^g of protein per 1 ml in PBS were stored overnight at 4° C. 
[0062] Plates were dumped the following day and blocking solution (2% casein filler) was added 
incubated for 30 minutes at room temperature. 

[0063] Serum samples were diluted in 2% casein and added to wells in duplicate, incubated for 2 hours 
at room temperature. 

[0064] The plates were washed and the detection method outlined above followed. 
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Results: 

[0065] Serum IgG endpoint titers (reciprocal of highest dilution above 0.1 OD450 as measured by 
ELISA) specific to the heterologous antigen(s) have been used to evaluate 22 potential attenuated S. 
typhimurium-vectored anthrax and plague candidates. To date, this project has identified five plague 
candidates. M020 vaccinated mice developed endpoint titers at 2- and 4- weeks post-boost specific to: 
(i)V antigen ranging from 100-1600 and 200- 3200, (ii) Fl antigen ranging from 0-400, and (iii) Fl-V 
fusion ranging from 100-6400 and 400-6400. M023 vaccinated mice developed endpoint titers at 2- 
and/or 4-weeks post-boost specific to: (i) V antigen ranging from 800-3200 and 1600-51200 and (ii) Fl-V 
fusion ranging from 3200-12800 and 3200-102400. M022 vaccinated mice developed endpoint titers at 
2- and 4-weeks post-boost specific to: (i) Fl antigen ranging from 0-1600 and 400-6400 and (ii) Fl-V 
fusion ranging from 0-1600 and 400-6400. At 4-weeks post-boost, M048 vaccinated mice developed 
endpoint titers specific to: (i) V antigen ranging from 400-25600, (ii) Fl antigen showed no response, and 
(iii) Fl-V fusion ranging from 1600-102400. At 4-weeks post-boost, M049 vaccinated mice developed 
endpoint titers specific to: (i) V antigen ranging from 0-1600, (ii) Fl antigen ranging from 200-6400, and 
(iii) Fl-V fusion ranging from 400-6400. Based on these early comparisons, promising results were 
obtained from cytoplasmic localized Fl-V fusion-expressing constructs, V-expressing constructs, and Fl- 
and V-expressing constructs. 

[0066] New Zealand White rabbits given a single intra-gastric dose of 5. typhimurium M020 
(approximately 2 x 10 10 cfu) showed significant antibody titers against Fl (800-3200), V antigen (6400- 
51,200), and Fl-V (12,800-51,200) on day 20 following immunization (results of an intra-gastric M020 
boost are pending). Collectively, these results demonstrate that Fl-V expressed by an attenuated strain of 
S. typhimurium was recognized by immunized mice and rabbits eliciting the production of high levels of 
antibodies. 
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ABSTRACT OF THE DISCLOSURE 

Oral vaccines against anthrax {Bacillus anthracis) and plague {Yersinia pestis) based on the 
delivery of protective antigens by attenuated, live bacterial vectors derived from Salmonella enterica 
(serovar Typhimurium) are disclosed. 
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